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2ABSTRACT
Reconstructed mountain glaciers are routinely used as a proxy for climate in the search for evidence 
of interhemispheric climate fluctuations during the Quaternary. In New Zealand, valley glaciers at 
the Last Glacial Maximum (LGM) extended from an ice sheet centred on New Zealand’s Southern 
Alps to below present-day sea level. In contrast, evidence of LGM glacial activity on the North 
Island is rare. Here, a glacioclimatic reconstruction is presented of two former glaciers in the 
Tararua Range (41°S) in the southern North Island. At Mt. Aston, an isolated cirque basin contains 
landform evidence of a marginal niche glacier. At Park Valley, the lateral moraine of a larger cirque 
glacier has yielded published cosmogenic isotope ages. The paleoglacier reconstruction shows that 
paleoequilibrium line altitudes increased northwards across New Zealand during the local LGM. 
Hence, at this latitude only topography >1200 m above present day sea-level was of sufficient 
elevation to allow small glaciers to form. The Mt Aston glacier covered only 0.18 km2 with an 
equilibrium line altitude (ELA) of c. 1287 m above present sea level. A mean ELA glacier thickness 
of c. 25 m gives a basal shear stress at the ELA of c. 100 kPa-1, with a mean summer (December, 
January, February, DJF) temperature at the ELA of no lower than 5.5°C below present, below 
which precipitation would have been insufficient to support the reconstructed glacier. Implied LGM 
paleo-temperatures from both the ELA reconstruction and the glaciological reconstruction broadly 
accord with other paleo-temperature proxies from the North Island. Park Valley glacier covered c. 
0.45 km2 with an ELA of c. 1270 m and a mean ELA basal shear stress of 65 kPa. Its balance 
discharge was 9× greater than at Mt Aston. It appears to have been glaciologically viable across a 
wide range of paleotemperatures: thus, the more marginal glacier is a more useful paleoclimatic 
indicator because it places a maximum limit on LGM temperature depression, which the larger 
glacier does not. ELAs of both glaciers closely approximate the regional LGM ELA trend surface. 
The paleo-glacier reconstructions imply that together with temperature driving LGM paleo-ELA 
depression, changes in south-westerly airflow over New Zealand, bringing moisture-laden but cool 
air, maximized snowfall and minimised winter melt. The corollary is that patterns of Quaternary 
glacier fluctuations may be interpreted as responses, at least in-part, to precipitation-driven changes, 
and secondly, North Island glaciation was probably more extensive than previously assumed.
Keywords:
Niche glaciation; Southern mid-latitudes; Glacier reconstruction; Tararua Range; New Zealand
31. Introduction
Explaining the growth and decay of glaciers during the late Quaternary in the Southern Hemisphere 
remains an unresolved question, especially during the last glacial cycle. New Zealand is one of the 
few locations in the Southern Hemisphere where a range of paleoclimatic records are available, and 
a range of proxy records indicate that climate was influenced by the interaction of oceanic, 
cryospheric and atmospheric factors (Barrell et al., 2013). The strong topographic and climatic 
control on glacial activity on both the South and North Islands currently allows glaciers to form 
between 39° to 46° S latitude (Purdie et al., 2014; Eaves et al., 2016a). Geological evidence has 
often been used to record and infer the distribution of former glaciation during the (c. 30-18 ka) 
New Zealand “Last Glacial Cold Period” (LGCP; Barrell et al., 2013), which coincides with the 
global Last Glacial Maximum (LGM). Along with other proxy records, this has led to marked 
spatial differences in terrestrial LGM temperature reconstructions, from +0.5 to 9°C (summarised 
in McKinnon et al., 2012). Much of this work is limited to the South Island, where large valley 
glaciers extended out from a small ice sheet formed along the axis of the Southern Alps (Porter, 
1975; Doughty et al., 2013; Putnam et al., 2013). In contrast, on the North Island, terrestrial 
evidence for former glaciation is much less obvious, and appears to have been limited to volcanoes 
(Mathews, 1967; McArthur and Shepherd, 1990; Eaves et al., 2016b) and the Tararua Range on the 
southern North Island (Brook and Brock, 2005; Brook et al., 2005; Brook and Crow, 2008; Brook et 
al., 2008; Brook, 2009). Indeed, while quantitative reconstructions of paleoclimate (namely 
temperature and precipitation) during the LGM based on glacier fluctuations have shown some 
consistency across the South Island, independent estimates of paleoclimatic variables based on 
evidence from North Island glaciers are extremely rare (Brook et al., 2008; Eaves et al., 2016a,b). 
While the equilibrium line altitude (ELA) reconstructions and paleoclimate modelling from Eaves 
et al. (2016b), is a valuable additional dataset, effects of effusive volcanism and post-glacial flank 
collapse on the North island volcanoes hamper the delineation of glacial-geomorphic landforms, 
making ELA reconstructions problematic (Donoghue et al., 1997).
4The forcing factors behind southern mid-latitude glaciation during the last glacial cycle are 
ambiguous, with insolation appearing to not be the sole factor controlling Southern Hemisphere 
climate change (Doughty et al., 2015). Indeed, recent work (Darvill et al., 2016) has highlighted 
that glacier expansion was broadly synchronous between New Zealand and Patagonia, and that 
climate forcing was related to an equatorward shift in the moisture-bearing south-westerly winds 
and oceanic fronts. Within New Zealand, the topography, maritime mid-latitude position and high 
precipitation gradients across the landmass mean that glaciers are highly sensitive to climate 
changes. Indeed, current glaciers in the Southern Alps, are particular sensitive to climate change 
with estimates of the mass balance sensitivity at between 1.3-2.0 m w.e K-1 (Anderson et al., 2010).  
High annual precipitation rates in some catchments of >12 m a-1 leads to mass balance response at 
the termini of some valley glaciers of less than a decade (Purdie et al., 2014). Nevertheless, current 
ELAs across the Southern Alps vary markedly, from around 1500 m in the south and west, to 2500 
m in the east in the Kaikoura Range (Lamont et al., 1999; Bacon et al., 2001).  Moreover, on the 
North Island, current ELAs on Mt Ruapehu are much higher, close to the summit altitude (2797 m; 
Brook et al., 2011).  Thus, large spatial variabilities in current ELAs occur, with paleo-ELAs 
depressed by c. 1000 m, thought to indicate c. 6-6.5 °C of temperature depression, although the 
effects of precipitation on mass balance and ELA depressions remain debatable (Shulmeister et al., 
2004, 2010). Hence, resolving the magnitude of late Quaternary glacier fluctuations outside of the 
Southern Alps, and identifying other established formerly glaciated sites on the North Island will 
provide insights into the prevailing climatic gradients during the LGM.  
Here, we report evidence of two cirque glaciers in the southern Tararua Range (40°55’S, 
175°18’ E). Below the summit of Aston (1376 m a.s.l.) a shallow cirque basin lies ~25 km south of 
established former glacial sites further north in the Tararua Range (Brook and Brock, 2005; Brook 
et al., 2005; Brook et al., 2008; Brook, 2009). Among the latter, the well-documented Park Valley 
moraine forms the basis for a second glacier-climate reconstruction. The aims of this research are 
to: (1) present geomorphological evidence supporting late Quaternary glaciation of the Mt Aston 
5basin; (2) reconstruct the glaciological and paleoclimatic environments that would have led to 
glaciation of the Aston and Park Valley cirques; (3) examine paleoclimatic implications of  
glaciation during the LGM in the southern North Island of New Zealand.
2. Study Area
The currently glacier-free Tararua Range is part of the axial ranges of the North Island, which are 
oriented north-south along the Australian-Pacific convergent plate margin (Stratford and Stern, 
2006). The Tararua Range is a relatively young, deeply entrenched mountain range, a result of 
major faulting and folding, and in some places still active uplift (Nicol and Beavan, 2003).  Bedrock 
is composed of quartzo-feldspathic metasediments of the Torlesse Terrane (Begg and Johnston, 
2000). The Tararua Range summit altitudes are much lower (c. 1500 m a.s.l.) and northward of the 
Southern Alps, so late Quaternary glaciation was much more restricted, with only six cirque and 
valley glacier sites previously mapped (Adkin, 1911; Brook and Brock, 2005). Cosmogenic 
radionuclide exposure (CRNE) ages of the timing of glaciation in Park Valley (Figure 1) indicate 
that glaciation in the Tararua Range terminated around 18 ka (Brook et al., 2008), coinciding with 
the global LGM. This termination also accords with the synthesis of late Quaternary New Zealand 
paleoclimate of Alloway et al. (2007), as well as the recent CRNE ages of moraine boulders from 
Mt Ruapehu in the central North Island (Eaves et al., 2016a). 
The Tararua Range (Figure 1, 2) is one of the wettest locations in New Zealand, with mean 
annual precipitation (1972-2013) exceeding 4000 m a-1 (Chappell, 2014). Mean annual 
temperatures at Kaitoke (223 m a.s.l.), 15 km to the southwest of the Aston basin are 15.3°C 
(Chappell, 2014). The Aston basin (40°58'13.15"S, 175°15'52.49"E) is the only valley head in the 
immediate vicinity with the glacial characteristics of a cirque (Evans and Cox, 1995; Barr and 
Spagnolo, 2015). It forms a bowl-shaped hollow, with exposed bedrock, perched above an upper 
tributary of the Tauherenikau River (Figure 2). The basin lies to the east below the Dress Circle 
ridgeline (Figure 3), which is part of the Southern Crossing hiking route across the Tararua Range. 
6The basin is bounded to the south by the Aston summit (1376 m), with the backwall and sides 
vegetated by tussock. 
Park Valley (40°45'0.29"S, 175°25'44.65"E) is an impressive southwest-facing valley (Figure 4, 
5), U-shaped in its uppermost section (Brook et al., 2005), indicative of glacial erosion. The 
adjacent summits surrounding the valley head rise to c. 1500 m. The head of Park Valley is 
composed of two cirque-like basins, feeding into the larger U-shaped valley, with a lateral moraine 
formed on the true right of the valley at the lip of the westernmost cirque. The distal end of the 
moraine is truncated by erosion, and ends c. 70 m above the valley floor. This is the only 
established moraine in the Tararua Range (Brook and Crow, 2008), and allows accurate 
constraining of the former extent of the Park Valley glacier. Hence, the Park Valley paleoglacier 
extent is used here as a comparison with the Mt Aston cirque climate reconstructions. 
3. Methods
3.1 Geomorphology
Geomorphological mapping of the basin and surrounding slopes was undertaken using an enlarged 
1:50,000 Land Information New Zealand (LINZ) topographic base map (“TOPO 50”) overlain on a 
LINZ aerial image at a scale of 1:5,000, using established methods (Harrison et al., 2015). 
Landforms and landform assemblages mapped include in situ rock, moraine ridges, slope failure 
scarps, and small debris flows from mobilisation of weathered soils (Figure 3, 5). Interpretation was 
also focused on identifying features of deglaciation such as meltwater channels.
3.2 Glacier, paleo-ELA reconstruction and potential snow blow areas
The reconstruction of the surface area of the Aston cirque glacier and the Park Valley glacier was 
based on the existing topography and geomorphology. The paleo-equilibrium line altitude (ELA) 
and snow blow allow the approximation of paleoclimate in terms of precipitation and temperature 
(Carr et al., 2010). The glacier reconstructions were used to estimate the former ice surface 
7topography, volume, thickness, basal shear stress and velocity. Reconstructing the glacier followed 
a sequence outlined in detail in Kirkbride et al. (2015). Initially, the glacier outline was 
superimposed on the base map and aerial image in ArcGIS 10.3, and the glacier surface was 
contoured at 20 m intervals. An indicative flow-line map was then produced with flowlines crossing 
each contour perpendicularly. Ice thickness was reconstructed by sampling the depths between 
interpolated ice surface and subglacial contours from the LINZ Topomap. Cirque floor sediment 
was ignored, which causes a very minor thickness underestimate toward the terminus, tapering to 
zero at the lateral and up-glacier margins. For surface slope and basal shear stress, a 100 m 
sampling grid was used, and the individual measurements were then interpolated in Surfer 12 
software. Basal shear stress was calculated using the formula:
b =  g h sin, (1)
where  is ice density (0.9 t m-3), g is the gravitational constant (9.8 m s-2), h is ice thickness (m), 
and  is surface slope in degrees. A shape factor (0.7) was added to calculate the values of b, 
following Weertman (1971). The paleo-ELA was calculated using the accumulation area ratio 
(AAR) method of Nesje and Dahl (2000), applying an AAR value of 0.6 ± 0.05, which is deemed 
appropriate by Nesje and Dahl (2000) for cirque glaciers.
Often, small glaciers can have mass deficiencies when paleo-ELAs are calculated using 
standard techniques, and local topoclimatic factors are then invoked to contribute additional mass to 
sustain the former glacier (Plummer and Phillips, 2003), outside of conditions governed by regional 
climate envelopes (Carr and Coleman, 2007). In particular, the potential effects of snow blow on 
accumulation followed the approaches of Mitchell (1996), whereby the surrounding terrain that 
potentially contributed snow blow is identified. This assumes that all ground lying adjacent to, or 
above the calculated paleo-ELA had the potential to contribute snow blow. Not all areas above the 
paleo-ELA have an equal chance of contributing to accumulation, particularly with increased 
distance from the paleo-glacier.  A snow blow factor was also calculated, following Sissons (1980). 
8This is the square root of the ratio of glacier area to potential snow blow area. Following Mitchell 
(1996), potential snow blow area and snow blow factor are plotted on a polar plot using 15º bins.
3.3 Reconstruction of ELA, ablation gradient, mass flux and ice velocity
The present-day summer (T3, here December to February) freezing levels in the Tararua Range can 
be calculated based on present-day temperature data from five National Institute of Water and 
Atmospheric Research (NIWA; https://cliflo.niwa.co.nz/) meteorological stations, and this data was 
then contoured. Climatic and glaciological conditions were estimated at the reconstructed steady-
state ELAs (e.g. Brook and Crow, 2008) using the method of Carr et al. (2010).  The method is 
based on Ohmura et al.’s (1992) global relationship between mean annual ELA precipitation (Pa) 
and temperature of the warmest three months in the year (T3, December to February):
Pa = 645 + 296T3 + 9T32 (2)
where Pa indicates total accumulation at the ELA (in mm a-1 water equivalent), and T3 is the 3 
month mean summer (December-February in °C for the Southern Hemisphere) temperature at the 
ELA. This defines the total accumulation and summer precipitation envelope required to sustain a 
glacier for a given ablation season temperature, incorporating all atmospheric precipitation, as well 
as snow blow and avalanching (Carr et al., 2010). The derived total accumulation can then be used 
to determine an indicative ablation gradient (az), in mm-1 water equivalent) of the glacier, using the 
empirical relationship derived from modern glaciers, whereby:
az = 0.000781Pa2 0.000568Pa + 3.33. (3)
From this, the ablation gradient is used to determine net ablation within each 20 m contour range. 
As the reconstructed glacier is assumed to be in steady-state conditions, the reconstructed total net 
ablation also equates to net accumulation above the ELA, using an ice density of 0.91 kg m3. 
Application of the method in other studies has usually taken an independent value of T3, usually 
derived from palaeoecological studies, as a basis for estimating paleo-precipitation (e.g. Benn and 
Ballantyne, 2005; Finlayson et al., 2011; Kirkbride et al., 2014, 2015). While independent estimates 
9of paleo-temperature are available for the North Island (McLea, 1990; Shulmeister et al., 2001; 
McGlone and Topping, 1983; Eaves et al., 2016a), we adopt a different approach in which the 
paleoclimate modelling is run for a range of summer temperatures to test the viability of the 
resulting glaciological reconstructions. By this process, it is possible to discover the maximum 
possible LGM temperature depression at which marginal glaciation could have existed.
Reconstructed LGM temperature depressions for New Zealand range from almost zero to 9° 
cooler than present (McKinnon et al., 2012), with larger differences from present in and around the 
South Island. We adopt a range of summer temperature differences from 1° to 9°, and for each T3 
value we calculate Pa and az. Applying az to the glacier hypsometry derives annual mass loss which 
equates to the ice flux through the ELA cross-section for a glacier in equilibrium balance, and 
provides the balance velocity. The width-averaged creep velocity through the ELA is derived 
independently from the flow law, and the difference between the balance and creep velocities is the 
sliding velocity (Carr et al., 2010). Given that sliding velocity must be positive, a limit of viability 
is reached when colder temperatures, associated with lower precipitation, reach a threshold value at 
which the glacier accumulation zone is no longer providing sufficient mass to sustain the ice flux 
due to creep alone through the ELA. At colder temperatures, a negative sliding velocity is 
calculated. Unlike previous studies, no unique combination of summer temperature and annual 
accumulation is given here. Instead, the climatic limit of glacier viability that we identify is 
compared to the published range of temperatures and a convergence of different proxy estimates is 
sought. It is emphasised that this approach is possible only where a reconstructed glacier existed 
very close to the climatic limit of glaciation. Most published reconstructions of Lateglacial glaciers 
yield ELA ice fluxes associated with a wide range of temperature/precipitation combinations (Carr 
et al., 2010).
4. Results
4.1 Geomorphology
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The Aston basin is oriented south-east and displays several characteristics of ‘classic’ cirques, but is 
lacking in some attributes. Morphometric evidence suggesting significant glacial erosion of the basin 
includes the steepened backwall and enclosed basin-shape. Indeed, it is circular to oval in planform, 
is around 650-700 m in length, and has a maximum width of c. 550 m (Figure 3).  The basin has an 
over-deepened floor compared with neighbouring valley heads. Indeed, neighbouring valley heads 
are typically narrow, with convex-upward slopes indicative of fluvial incision, and are free of debris 
ridges. In contrast to these neighbouring valley heads, the rounded morphology of the Aston basin 
suggests glacial erosion, although the back wall is rounded and concave, lacking the high relief 
headwall present at many alpine cirques in the Southern Alps. Indeed, steeper slopes with rock 
exposures are most prevalent on the north-eastern side of the basin. An arcuate scarp marks a recent 
shallow failure, and any supraglacial debris accumulations would have been by frequent small rock 
falls from rock knobs, rather than high-magnitude events.
The floor of the basin is covered by 5 m of unconsolidated sediments and with a complex 
surface arrangement of low (<5 m) ridges, interpreted as moraines, and meltwater channels. The 
present stream, a tributary of the Tauherenikau River, drains the basin and is incised into the sediment-
covered cirque floor. The sediment on the basin floor is discontinuous, with several low, lobate to 
arcuate ridges visible on the floor of the basin toward the former glacier terminus. These are marked 
by elongated morainic mounds, which are formed on gently-sloping ground, covered in grassy 
tussock, likely to be remnants of originally larger features that have been degraded by the high annual 
rainfall (>4000 mm a-1) since deposition (<18 ka) during the LCGP. Small undulations in the 
sediment-covered basin floor also suggest meltwater incision into the moraine during deglaciation. 
The moraines are poorly defined, but are traceable to an elevation of about 1260 m a.s.l. The slopes 
around the glacier would not have been steep enough for large volumes of supraglacially-sourced 
rockfall debris to be deposited on the glacier surface, explaining the lack of a large terminal moraine. 
The geomorphology of the site indicates that the Aston cirque is a ‘simple’ cirque using the 
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classification of Benn and Evans (2010), in that it is a distinct, independent basin, and a ‘grade 4’ 
cirque on the basis of the Evans and Cox (1995) classification scheme.
In contrast, the Park valley site (Figure 4, 5) represents classical landforms of glacial erosion 
and deposition, including cirque basins, a U-shaped valley floor, and a lateral moraine. The two cirque 
basins at the head of Park Valley are grade 1 ‘classic’ cirques according to the Evans and Cox (1995) 
classification scheme, and are perched above the valley floor, with their thresholds incised by 
postglacial fluvial incision. Brook et al. (2008) report cosmogenic 10Be moraine and bedrock exposure 
ages of c. 18 ka in Park Valley. Brook (2009) later identified the Kawakawa Tephra within the Park 
Valley moraine, which suggests the valley represents a composite glacial landsystem, first occupied 
prior to 25.4 ka (Brook and Crow, 2008).
4.2 Glacier reconstruction and paleoclimatic implications
Reconstruction of the former equilibrium line altitude (ELA) of a small glacier such as the Aston 
cirque glacier is problematic, as lateral moraines are absent. The reconstructed ELA in Figure 6 is at 
1287 m, and this is based on an AAR of 0.6 from the reconstructed hypsometry (Figure 6). A 
reconstruction of Park Valley glacier is also included in Figure 6 for comparison, and its 
reconstructed ELA based purely on an AAR of 0.6 is 1220 m. The surface of the reconstructed 
Aston cirque glacier was of rather uniform gradient, with a maximum of c. 25° in a narrow zone 
toward the terminus. It then grades into a low angle lobe. Glacier hypsometry shows a modal 
elevation above 1250 m, reflecting the broad accumulation basin above the ELA (Figure 7). As 
ninety percent of the glacier area was between 1200 and 1350 m a.s.l. elevation, the glacier AAR 
would have been very sensitive to ELA fluctuations across this interval. From the Aston cirque 
glacier reconstruction (Figure 7A-D), reconstructed glacier thickness allows the calculation of basal 
shear stress, with maximum values of c. 125 kPa under a combination of steep surface and 
substantial thickness (>40 m), but typically of the order of c. 100 kPa at the centre of the ELA. 
From the Park Valley glacier reconstruction (Figure 7E-H), maximum surface slope was steeper, 
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though mean basal shear stress around the ELA was c. 75 kPa. Table 1 presents a summary of the 
reconstructed glaciological parameters for the full range of summer temperature scenarios for the 
two glaciers. 
Using the lateral moraine at Park Valley, reported in Brook and Crow (2008), this allows the 
ELA to be calculated using the maximum elevation of lateral moraine (MELM) method (Benn and 
Evans, 2010) to be calculated. Using this, an ELA for the former Park Valley glacier of 1260 m 
a.s.l. is estimated. Altitudinal freezing levels from the current DJA temperature record (Figure 8) 
and precipitation can be used to reconstruct glaciological parameters reported in Figure 9 for both 
the Aston cirque glacier and the Park Valley glacier. The Park Valley glacier had an area c. 2.4 × 
that of Aston glacier, and a balance flux of c. 9 × times greater (Figure 9, Table 1). Under all 
climate scenarios, at least 90% of the ELA flux would have been by basal sliding, and thus the Park 
Valley glacier lay well within the envelope of climatic viability. In contrast, the small (18 ha) Aston 
cirque glacier could only have existed if ELA summer temperature exceeded 3.2°C, equivalent to 
an LGM temperature depression of at most 5.5°C (Figure 9). At lower summer temperatures, 
modelled accumulation values are below the balance fluxes necessary to sustain a glacier of the 
dimensions reconstructed from the geomorphological evidence. Results from Aston cirque glacier 
therefore also places a lower summer ELA temperature limit on the Park Valley glacier, because the 
two sites are distant by only 27 km. Indeed, a maximum possible temperature depression of 5.5°C 
(equivalent to an LGM DJA temperature of 3.2°C at the ELA) is associated with a sliding velocity 
of c. 10 m yr-1, or c. 93% of ice motion (Figure 9, Table 1).
Finally, the potential effects of geomorphology on controlling snow blow, and so the viability 
of the Aston cirque glacier can be tested by comparing the area of land surface lying above the ELA 
of the reconstructed glacier (Figure 10A, Table 2). This shows a pronounced concentration of land 
surface above the ELA to the northeast of the former glacier, between 30° and 60° (Figure 10B), 
and this is again emphasised by the snow blow factors (Figure 10C, Table 2). Nevertheless, as 
dominant wind directions are from the west and south-west, the effective contribution of snow blow 
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to overall accumulation is likely to have been limited. No enhancement of accumulation by blown 
snow is therefore factored in to the glacioclimatic reconstruction. A similar snow blow effect 
probably occurred at Park Valley (Figure 11, Table 3), with most of the topography above the ELA 
being narrow ridgelines to the northeast, in the lee of the glacier accumulation zone, given 
prevailing wind directions. Hence, snow blow is also unlikely to have had a significant effect on 
accumulation at the Park Valley paleoglacier. 
5. Discussion
The Aston cirque glacier appears to be the only site in the southern Tararua Range where 
glacial ice developed during the LGM. While glaciers developed in close proximity to the >1500 m 
elevation peaks in the centre of the range c. 25 km to the north, elsewhere, cold climate landforms 
formed during the LGM hitherto appeared to have been limited to periglacial activity (Brook and 
Williams, 2013). Further south in the Tararua Range towards Wellington, solifluction lobes and ice 
wedge features were identified by Cotton and Te Punga (1955), which 14C dating suggests date to 
the LGM (Augustinus, 2002). Thus, the Aston cirque glacier is a significant site, as it provides 
direct evidence of the southern-most extent of LGM glaciation on the North Island of New Zealand. 
Moreover, it appears to place a stringent limit on the North Island temperature depression at LGM, 
which helps to reconcile the wide range of values derived from different climate proxies (Seltzer et 
al., 2015). Indeed, it is the only glaciological reconstruction for central New Zealand to date.
The glaciological model predicts a maximum viable LGM temperature depression at the 
Aston cirque (5.5°C), and this accords closely with the 5.6°C LGM temperature reduction recently 
modelled for the Mangatepopo valley on the Tongariro massif in the central North Island (Eaves et 
al., 2016a). The estimate by Eaves et al. (2016a) accords with McGlone and Topping’s (1983) LGM 
cooling of 4.6-5.9°C from close to Mt Ruapehu, and also assumes precipitation during the LGM 
was similar to the present day. There is a lack of quantitative LGM precipitation estimates in New 
Zealand, but proxy reconstructions and models typically indicate that annual precipitation was 
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similar or slightly lower than present (Drost et al., 2007; Whittaker et al., 2011; Golledge et al., 
2012). This is an important consideration, because the suggested reduced annual precipitation on 
the North Island would require increased atmospheric cooling to reconcile the reconstructed ELA. 
Modelled LGM temperature depressions in the Southern Alps are of the order of c. 6-7°C compared 
with the present (Golledge et al., 2012; McKinnon et al., 2012), while offshore estimates are of the 
order of c. 4-7°C (Pahnke and Sachs, 2006). However, other North Island LGM temperature proxies 
are lower, and consistent with the Eaves et al. (2016a) reconstruction, and the implied maximum 
temperature depression from the Aston cirque.  Indeed, dissolved noble gases in groundwater 
indicate a 4-5°C cooling (Seltzer et al., 2015), while fossil pollen and beetle assemblages are also 
close to this 4-5°C figure (McGlone, 2002; Sandiford et al., 2003; Wilmshurst et al., 2007).
There are problems with comparing paleotemperatures derived from different proxy sources 
because of issues of seasonality and sensitivity of the proxy indicators to climate variation. Our 
glaciological reconstructions present summer temperatures (DJF), which in cool climate periods are 
depressed less than winter temperatures. Thus, the glaciological method will underestimate the 
annual temperature depression at LGM. Hence, a key unresolved question is whether LGM mean 
annual temperature (MAT) estimates from other proxies serve as useful comparisons with 
reconstructed glacier ELA-based summer temperatures. Mountain glaciers in New Zealand appear 
to be most sensitive to summer temperatures (Anderson and Mackintosh, 2012), so that 
reconstructed ELAs based on summer temperature changes may at least be a first approximation on 
temperature changes during the LGM. 
A second valid question is to what extent do empirical regressions derived from modern 
glaciers across the Northern Hemisphere form a basis for paleoglaciological reconstruction in New 
Zealand. Our Aston glacier reconstruction rests on the validity of Carr et al.’s (2010) regressions of 
summer temperature, annual precipitation, and ablation gradient. These are, in turn, based on 
Ohmura et al.’s (1992) compilation of data from 70 modern glaciers between latitudes 83°N and 
66°S, of which 42 lie between 40°N and 65°N, and three are from the Southern Hemisphere. The 
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only New Zealand glacier in the compilation (Tasman Glacier) plots very close to Ohmura et al.’s 
(1992) regression line. Thus, the empirical basis for the range of ELA climates is strong because it 
covers almost the full global range of temperature, precipitation and radiation values. 
A third issue concerns the variability within the dataset, which defines the probability that 
the reconstruction of any single glacier matches the global regression line. The standard deviation 
of the correlation between summer temperature and annual precipitation (Ohmura et al., 1992 
Figure 2) defines a 68% probability that, for a given temperature, any glacier will lie between ± c. 
450 mm of the mean annual accumulation value. This equates to ± c.13% for a summer temperature 
of +8°C, ± c. 23% for +4°C, and ± c. 69% for 0°C. Thus, the temperature/precipitation relation is 
much better constrained for maritime glaciers like those in the Tararua Range than for continental 
glaciers. Glaciers in the Tararua Range at LGM had ELA summer temperatures >3.2° and >3.7°C, 
therefore their paleoclimatic reconstruction will be towards the favourable maritime end of the 
spectrum where variability is relatively low, because both temperature and precipitation values are 
high.
Finally, uncertainty in the climatic reconstruction derives from (1) interpretation of glacier 
dimensions from fragmentary landforms; (2) statistical uncertainty (see above); and (3) local 
glaciological factors such as enhanced accumulation, aspect, and valley-side shading. Thus the 
derived climate envelope in which the Tararua Range glaciers existed is indicative rather than 
precise, because it is derived from generalised global relationships and involves a degree of 
glaciological simplification. Reconstructed paleoclimate is, however, insensitive to modest changes 
in glacier hypsometry which might occur with different extrapolations of glacier margins from 
limited landform evidence. More significant is the lack of precise information on snow 
accumulation patterns, local energy balance effects on ablation gradient, and so on. In spite of the 
necessary assumptions which must be made to cover these issues, glaciers are relatively simple 
physical systems in that they are controlled by a small number of primary climatic variables, and 
exist within known climatic constraints. 
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6. Conclusions
1. The limited development of glacier ice during the LGM in the Tararua Range compared 
with more extensive glaciation in the New Zealand Southern Alps, testifies to the steep 
temperature and precipitation gradients that existed over New Zealand. It appears that the 
Aston cirque glacier was only able to develop in a very favourable topoclimatic location in 
the southern Tararua Range below 1300 m a.s.l ridgelines: a south-east facing basin, with a 
broad upper section which allowed snow to accumulate above the paleo-ELA. The moderate 
level of glacial erosion is indicative of a ‘grade 4’ cirque on the basis of the Evans and Cox 
(1995) cirque classification scheme. Further north in the Tararua Range, glaciation in valley 
heads beneath 1500 m a.s.l. ridgelines was more extensive, but still very limited compared 
to the Southern Alps and central North Island volcanoes. Nevertheless, classic landforms of 
glaciation are evident in Park Valley, including ‘grade 1’ cirques according to the Evans and 
Cox (1995) classification scheme, a lateral moraine, and U-shaped valley floor. Age controls 
on the Park Valley glacial geology indicates the valley has been glaciated at least twice in 
the late Quaternary. 
2. During the LGM, the local equilibrium line altitude at the Aston cirque was c. 1290 m a.s.l, 
and this closely corresponds to the Park Valley paleo-ELA further north. This equates to a 
temperature depression of no greater than 5.5°C. This amount of cooling corresponds with 
other proxy temperature reconstructions from the LGM (e.g., McGlone, 2002), as well as 
typical temperature depressions based on Southern Alps glaciological reconstructions, and  
is consistent with the 5.6°C LGM temperature reduction reported by Eaves et al. (2016a) for 
Tongariro glaciers. 
3. The reconstructions of Aston and Park Valley glaciers using Carr et al.’s (2010) method 
show that it is not always necessary to have an independent measure of either summer 
temperature or annual accumulation to constrain paleoclimate. The Aston glacier was so 
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marginally viable in terms of accumulation, that iterative application of a range of 
paleotemperature depression values identifies a threshold below which the glacier “dried 
up”: that is, the calculated balance flux was insufficient to support the annual mass gains and 
losses.
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Table 1: Reconstructed steady-state glaciological parameters for the Aston cirque glacier and 
the Park Valley glacier (Pa, total accumulation at ELA; az, ablation gradient).
LGM 
JJA temp 
decrease 
°C
Pa
mm-1 w.e
az
mm m-
1
Balance 
flux
m3 yr-1
u, 
balance 
velocity
m yr-1
Creep 
velocity
m yr-1
% basal 
sliding
Balance flux 
× 103
m3 yr-1
Mt Aston cirque glacier
-1 3458 0.013 37129 2.48 1.07 56.9 37
-2 3032 0.00879 30501 2.04 1.07 47.5 31
-3 2625 0.00722 25053 1.68 1.07 36.3 25
-4 2235 0.00596 20681 1.38 1.07 22.5 21
-5 1863 0.00498 17281 1.16 1.07 7.8 17
-6 1510 0.00425 14748 0.99 1.07 -8.1 15
-7 1174 0.00374 12978 0.87 1.07 -23.0 13
-8 857 0.00342 11867 0.79 1.07 -35.4 12
-9 557 0.00326 11312 0.76 1.07 -40.8 11
Park Valley glacier
-1 3677 0.0118 325385 23.67 0.73 96.7 325
-2 3243 0.0097 267302 19.44 0.73 96.2 267
-3 2826 0.00796 219559 15.97 0.73 95.4 220
-4 2428 0.00656 181243 13.18 0.73 94.5 181
-5 2047 0.00544 151441 11.02 0.73 93.4 151
-6 1684 0.00459 129242 9.40 0.73 92.2 129
-7 1340 0.00397 113733 8.27 0.73 91.2 114
-8 1013 0.00356 104002 7.56 0.73 90.3 104
-9 705 0.00332 99136 7.21 0.73 89.9 99
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Table 2: Potential snow blow areas (in km2) and factors in the vicinity of the Aston cirque basin, by 
90º sectors, following Mitchell (1996).
Glacier 
area 
(km2)
Total snow 
blow area 
(km2)
NE
(0-90°)
SE
(91-
180°)
SW
(181-270°)
NW
(271-360°)
N
(271-
90°)
E
(0-180°)
Area (km2) 0.132 2.63 2.14 0.09 0.27 0.13 2.28 2.23
Factor 0.132 19.95 11.09 2.30 3.93 2.73 11.42 11.57
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Table 3: Potential snow blow areas (in km2) and factors in the vicinity of the Park Valley glacier, by 
90º sectors, following Mitchell (1996).
Glacier 
area 
(km2)
Total snow 
blow area 
(km2)
NE
(0-90°)
SE
(91-
180°)
SW
(181-270°)
NW
(271-360°)
N
(271-
90°)
E
(0-180°)
Area (km2) 0.422 3.72 3.36 0.10 0.00 0.25 3.67 3.46
Factor 0.422 8.81 4.34 0.76 0.00 1.20 4.50 4.41
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List of figure captions
Figure 1. Location map of the study site in the southern Tararua Range on the lower North 
Island of New Zealand. The position of the southeast-facing Aston cirque basin is shown in 
relation to the other established paleo-glacier sites, including Park Valley, as identified by 
Adkin (1911) and Brook and Brock (2005). The shaded relief map is from the Land 
Information New Zealand (LINZ) 8 m digital elevation model (DEM) of 2012 
(https://data.linz.govt.nz).
Figure 2. Views of the Aston site location and geomorphology. (A) View northwest toward the 
backwall of the cirque basin with basin floor incised by tributary of Tauherenikau River. (B) 
View northeast across the cirque basin, with rounded side-slopes evident.
Figure 3. Geomorphological map of the Aston cirque basin. Dotted line indicates inferred 
glacier margin above the paleo-ELA.
Figure 4. Views of the Park Valley site location and geomorphology. (A) Eastern-most cirque-
basin and lateral moraine used for the MELM-ELA method. (B) Western-most cirque basin, 
with smooth side-slopes and backwall. (C) View down-valley, showing the lateral moraine 
(arrowed). (D) View across-valley showing the lateral moraine and position (arrowed) used for 
the MELM-ELA.
Figure 5. Geomorphological map of the Park Valley cirque basins and lateral moraine. Dotted 
line indicates inferred glacier margin above the paleo-ELA.
Figure 6. Glacier hypsometry of the (A) Aston cirque glacier and (B) Park Valley glacier. 
Thick line = percentage of glacier area per 20 m altitude class; thin line = cumulative 
percentage area by altitude class. Horizontal and vertical lines indicate the ELA for three 
different values of AAR (0.5, 0.6, 0.7), where an AAR of 0.6 = 40% area below the ELA.
Figure 7. Glacier reconstruction of the Aston cirque (A-D) and Park Valley glacier (E-H), 
showing for each reconstruction: surface elevation (m), surface slope (degrees), ice thickness 
(m), basal shear stress (kPa). Reconstructions are based on the shapefile of 20 m contours from 
the Land Information New Zealand (LINZ) 8 m digital elevation model (DEM) of 2012 
(https://data.linz.govt.nz).
Figure 8. Summer (DJF) freezing levels (m a.s.l.) from the 1967-1991 temp records from the 
five climate stations shown (data from NIWA Cliflo database).
Figure 9. Reconstructed mass balance flux (×103 m3 yr-1) and % sliding velocity for both the 
reconstructed Aston cirque glacier and the Park Valley glacier, for a range of LGM temperature 
depressions. Aston Glacier is unviable (shaded area) once the temperature depression exceeds 
5.5°C. Also included on the plot are selected temperature depressions for New Zealand during 
the LGM.
Figure 10. (A) Potential snow blow area for the Aston cirque glacier, defined with respect to 
surfaces adjacent to the former glacier lying upslope of the ELA (e.g., Mitchell, 1996); N/I 
indicates areas that have not been included in the calculations. (B) Polar plot of the snow blow 
area and orientation by 15° sector. (C) Polar plot of snow blow factor and orientation by 15° 
sector.
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Figure 11. (A) Potential snow blow area for the Park Valley glacier, defined with respect to 
surfaces adjacent to the former glacier lying upslope of the ELA (e.g., Mitchell, 1996); N/I 
indicates areas that have not been included in the calculations. (B) Polar plot of the snow blow 
area and orientation by 15° sector. (C) Polar plot of snow blow factor and orientation by 15° 
sector.
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